Aminophosphines : a double role in the synthesis of colloidal indium phosphide quantum dots by Tessier, Mickaël et al.
Aminophosphines: a Double Role in the Synthesis of Colloidal Indi-
um Phosphide Quantum Dots 
Mickael D. Tessier,†‡* Kim De Nolf,†‡ Dorian Dupont,† Davy Sinnaeve,¶ Jonathan De Roo,† Zeger 
Hens†* 
†Physics and Chemistry of Nanostructures, Ghent University, Ghent, Belgium 
†Center for Nano and Biophotonics, Ghent University, Ghent, Belgium 
¶NMR and Structural Analysis Unit, Ghent University
ABSTRACT: Aminophosphines have recently emerged as economical, easy-to-implement precursors for making InP nanocrystals, 
which stand out as alternative, Cd-free quantum dots for opto-electronic applications. Here, we present a complete investigation of 
the chemical reactions leading to InP formation starting from InCl3 and tris(dialkylamino)phosphines. Using nuclear magnetic 
resonance (NMR) spectroscopy and single crystal X-ray diffraction, we demonstrate that injection of the aminophosphine in the 
reaction mixture is followed by a rapid transamination with oleylamine, the solvent of the reaction. In addition, mass spectrometry 
and NMR indicate that the formation of InP concurs with that of tetra(oleylamino)phosphoniumchloride. The chemical yield of the 
InP formation agrees with this 4 P(+III) → P(-III) + 3 P(+V) disproportionation reaction occuring, since full conversion of the In 
precursor was only attained for a 4:1 P:In ratio. Hence the double role of the aminophosphine as both precursor and reducing agent. 
These new insights will guide further optimization of high quality InP quantum dots and might lead to the extension of synthetic 
protocols towards other pnictide nanocrystals.   
Introduction 
Colloidal nanocrystals have many applications1 ranging from 
opto-electronics2–4 to energy5–8 and catalysis.9,10 In particular, 
quantum dots (QDs) fluorescing in the visible range are of 
significant interest for lighting and display applications.11–14 In 
this respect, stringent restrictions on the use of cadmium in 
consumer products have initiated a shift from the well-
characterized Cd-based QDs to Cd-free alternatives such as 
indium phosphide. The first synthesis of InP nanocrystals with 
a reasonable size-dispersion was reported in 1995.15 This 
synthesis employed tris(trimethylsilyl)phosphine (PTMS) 
which remains hitherto the most widely used phosphorus 
precursor for the synthesis of InP QDs. However, this com-
pound is in many respects problematic as it is highly expen-
sive and auto-ignites in contact with air. Recently, efficient 
protocols based on aminophosphines have been established to 
synthesize InP QDs of different sizes.16,17 As compared to 
PTMS, an aminophosphine precursor is inexpensive, safe-to-
use under ambient conditions and proved to lead to InP QDs 
of comparable quality as the best samples obtained with 
PTMS.18,19 In addition, this aminophosphine-based synthesis 
can lead to InP/ZnE (E = S or Se) core/shell QDs that emit 
from 500 nm to 670 nm with an emission linewidth between 
44 nm and 65 nm and a photoluminescence quantum yield of 
20 to 80 %.17 
Ever since the early days of Cd-based QD syntheses, insights 
in the reaction mechanism were used to improve the synthetic 
result in terms of size control and minimization of size disper-
sion.20 By now, several QD synthesis methods have been 
shown to follow a two-step process where the injected precur-
sors first react to form the solute or monomer whose increas-
ing concentration subsequently gives rise to nucleation and 
growth of nanocrystals.21–23 In this respect, mechanistic studies 
have addressed both the chemical reactions involved in mon-
omer formation and the relation between the monomer for-
mation rate and the size of the resulting nanocrystals.24–27 
Especially in the case of CdSe QDs synthesized using tri-
octylphosphine selenium (TOP-Se), precursor conversion was 
investigated in great detail and found to consist of two essen-
tial steps, i.e., a coordination of TOP-Se to the Cd center, 
followed by the cleavage of the Se=P bond. Moreover, this 
precursor conversion was found to be limiting the overall rate 
of CdSe formation.27 This finding not only resulted in several 
size tuning strategies,24–26 it also indicates that a controlled 
synthesis of nanocrystals will only be possible if the precursor 
conversion is slow as compared to the nucleation and growth 
of the nanocrystals proper.  
Importantly, such studies are shifting synthesis development 
from a semi-empirical trial-and-error approach to a more ra-
tional design of synthesis protocols that allows for optimal 
control of the QD size and size dispersion. A recent and most 
striking example involves the formation of lead sulfide QDs 
from thiourea precursors where insight in the relation between 
reaction rate and nanocrystal size was implemented to achieve 
size control at full reaction yield over a broad range of nano-
crystal diameters.28 In the case of PTMS-based synthesis pro-
tocols for InP QDs, different mechanistic studies showed that 
precursor conversion is complete upon injection,29,30 resulting 
in ripening-driven nanocrystal growth. Although this was 
linked to the difficulty of synthesizing monodisperse InP QDs, 
the use of substituted silylphosphines with a lower reactivity 
did not overcome this problem.31 In the case of aminophos-
phine precursors on the other hand, the InP formation rate 
proved to be much slower.17 Whereas this lower rate was 
utilized to implement economical size-tuning-at-full-yield 
 strategies, the chemistry of the conversion reaction is not yet 
understood. This, however, is crucial to further optimize the 
reaction and extend it to the synthesis of other metal phos-
phide and metal arsenide nanocrystals.  
In this paper, we identify several key aspects that govern the 
formation of InP from aminophosphine precursors and indium 
chloride in the presence of primary amines. First, we show that 
the reaction involves the substitution of the original amino 
group by amines present in the reaction mixture, where only 
transamination with primary amines leads to InP formation. 
Furthermore, we find that the substituted aminophosphine has 
a double role in the reaction, both serving as the phosphorous 
precursor and the reducing agent by the formation of P(V) 
phosphonium salt. These findings are summarized in a chemi-
cal reaction mechanism that may help using this unique pre-
cursor chemistry for the formation of, e.g., GaP, InAs or GaAs 
nancrystals whose synthesis has proven even more chalenging 
than that of InP because of the bad size-dispersion15 or by the 
use of extremely hazardous precursor.32,33 
Experimental Section 
Chemicals 
Indium(III) chloride (99.999 %), zinc(II) chloride (≥ 98 %), 
dodecylamine (99%), tris(diethylamino)phosphine (97 %), 
tris(dimethylamino)phosphine (97 %), selenium powder 100 
mesh (99.99 %) and zinc stearate (technical grade, 65 %) were 
purchased from Sigma Aldrich. Trioctylphosphine (> 97 %) 
were purchased from Strem Chemicals. Oleylamine (80-90 %) 
was purchased from Acros Organics (NB: Oleylamine is 
stored under inert atmosphere). Octadecene (technical 90 %) 
was purchased from Alfa Aesar. 
Synthesis of core/shell InP/ZnSe QDs 
100 mg (0.45 mmole) of indium(III) chloride, as indium raw 
materials and 300 mg (2.2 mmole) of zinc(II) chloride, as zinc 
raw materials are mixed in 5.0 mL (15 mmole) of technical 
oleylamine which is a coordinating solvent. The reaction mix-
ture is stirred and degassed at 120 °C for an hour and then 
heated to 180 °C under inert atmosphere. Upon reaching 180 
°C, a volume of 0.45 mL (1.6 mmole) of tris(diethylamino)-
phosphine are quickly injected in the above mixture. After the 
phosphorus precursor injection, the InP nanocrystals synthesis 
proceeded. The InP core QDs reaction occurs during 30 
minutes. After 30 minutes, shell growth procedure starts: slow 
injection of 1 mL of stoichiometric trioctylphosphine-selenium 
(2.2 M). At 60 minutes: temperature is increased from 180 °C 
to 200 °C. At 120 minutes: slow injection of 1 g of 
Zn(stearate)2 in 4 mL of octadecene. Temperature is increased 
from 200 °C to 220 °C. At 150 minutes: injection of 0.7 mL of 
stoichiometric trioctylphosphine-selenium (2.2 M). Tempera-
ture is increased from 220 °C to 240 °C. At 180 minutes: slow 
injection of 1 g of Zn(stearate)2 in 4 mL of octadecene. Tem-
perature is increased from 240 °C to 280 °C. At 210 minutes: 
slow injection of 0.7 mL of stoichiometric trioctylphosphine-
selenium (2.2 M). Temperature is increased from 280 °C to 
320 °C. After 240 minutes: slow injection of 1 g of 
Zn(stearate)2 in 4 mL of octadecene. 300 minutes: end of 
reaction. At the end of the reaction, the temperature is cooled 
down. InP/ZnSe nanocrystals are then precipitated in ethanol 
and suspended in chloroform. 
Mass-spectrometry 
InP core QDs are synthesized and precipitated with methanol. 
The supernatant is analyzed using a 6230 TOF-MS with ESI-
source mass-spectrometer of Agilent Technologies in a range 
from 55 to 1160 g.mole-1. 
NMR spectroscopy 
Aliquots of 40-100 µL  are taken from a synthesis and put into 
vials containing inert atmosphere (Argon). It is crucial to 
prevent contact between aliquots and air. Oxidation of the 
aminophosphine species into aminophosphine oxide species 
leads to the appearance of extra resonances in the NMR spec-
tra that complicate the interpretation. A fixed volume of the 
aliquots is dissolved in 500 µL toluene-d8 (99,50% D, pur-
chased at Eurisotop) and transferred to an NMR tube (5 mm). 
NMR measurements were recorded on a Bruker Avance III 
Spectrometer operating at a 1H frequency of 500.13 MHz and 
equipped with a BBI-Z probe or on a Bruker Avance II Spec-
trometer operating at a 1H frequency of 500.13 MHz and 
equipped with a TXI-Z probe (channels are 1H, 13C, 31P). The 
sample temperature was set to 298.15 K. . Quantitative 1H 
spectra were recorded with a 20 s delay between scans to 
allow full relaxation of all NMR signals. The quantification 
was done by using the Digital ERETIC method. 31P spectra 
were recorded with a 20 s delay between scans to allow full 
relaxation of all NMR signals as well. Diffusion measure-
ments (2D 31P DOSY) were performed using a double stimu-
lated echo sequence for convection compensation and with 
monopolar gradient pulses.34 Smoothed rectangle gradient 
pulse shapes were used throughout.  
Results and Discussion 
 
Figure 1: (A) (bottom) Development of the absorption spectrum 
of InP QDs during a typical aminophosphine-based synthesis of 
 InP QDs and (top) absorption and photoluminescence spectra of 
resulting InP/ZnSe QDs. (B) Picture of a series of different 
InP/ZnE QDs emitting from 500 nm to 670 nm. 
In a typical aminophosphine-based synthesis of InP QDs, 
indium halides and zinc halides are dissolved in a primary 
amine as solvent (e.g., oleylamine, OlNH2).
16,17 The reaction 
mixture is subsequently degassed and heated to 150-220 °C, 
followed by the injection of tris(dimethylamino)phosphine, 
P(NMe2)3, or tris(diethylamino)phosphine, P(NEt2)3. Figure 
1A depicts the UV-Vis absorption spectra of different aliquots 
taken at various reaction times for the case of an InP QD syn-
thesis at 180 °C (see Experimental Section for details). Al-
ready after 1 min of reaction, the first excitonic feature is 
clearly visible and its red-shift with time points towards an 
increase of the QD diameter during the reaction. When the 
QDs reach their optimal size, shell precursors are added to the 
reaction mixture to obtain core/shell InP/ZnE (E = S, Se) QDs. 
In Figure 1A, the absorbance and photoluminescence spectra 
of InP/ZnSe QDs are shown. They have been obtained using 
stoichiometric trioctylphosphine selenium and zinc stearate 
mixed in octadecene as shell precursors (see Experimental 
Section for details). This sample exhibits a photoluminescence 
full width at half maximum of 47 nm and a photoluminescence 
quantum yield of 50 % which are excellent values in compari-
son to the best core/shell InP/ZnE QDs obtained with PTMS 
precursor.18,19 Different size-tuning strategies, such as stopping 
the reaction before its end16 or using different indium halide or 
zinc halide precursors,17 allow obtaining InP/ZnE QDs over 
the entire visible range as shown in Figure 1B. A more exten-
sive overview of absorbance and photoluminescence spectra 
of InP/ZnE with emission varying from 500 nm to 670 nm and 
their associated synthesis protocols are presented in the Sup-
plementary Information (see Supporting information S1). 
 
Figure 2: (A) Scheme of the gas trap mounting. (B) Picture of the 
CuSO4 gas trap aqueous solution before and after an InP synthe-
sis. (C) 1H NMR spectrum of P(NEt2)3 and dodecylamine, prior to 
and after reaction at 120°C for 60 minutes. 
Although aminophosphines are excellent precursors for syn-
thesizing InP QDs, they are not the most obvious. In PTMS, 
the phosphorus atom has an oxidation state of –III, rendering a 
reaction with an In(III) precursor such as indium chloride or 
indium acetate most likely. Aminophosphines on the other 
hand are P(+III) compounds, such that intermediate reduction 
steps are needed to form InP in a reaction with an In(III) pre-
cursor. Two-step methods in which at least the indium precur-
sor is reduced before reacting with the phosphorus precursor 
have already been described in the literature. InCl3 for exam-
ple can be reduced by KBH4 to form In(0) that then reacts with 
white phosphorus (P4).
35 Another example is the reduction of 
InCl3 by an organolithium reagent, followed by the reaction of 
the resulting In(0) with trioctylphosphine by a catalytic cleav-
age at high temperature.36 Opposite from aminophosphine-
based syntheses, however, such two-steps strategies lead to 
rather polydisperse InP QDs. Alternatively, Song et al. hy-
pothesized that InP formation starting from aminophosphine 
could involve the in-situ formation of phosphine (PH3) due to 
the presence of labile hydrogen in the primary amine solvent.16 
However, amines being poor Brønsted acids, such a mecha-
nism seems unlikely. 
To investigate possible intermediate reaction steps involved in 
the formation of InP out of aminophosphine and InCl3, we first 
scrubbed the exhaust of an InP QD synthesis using a chemical 
gas trap (Figure 2A). Most notably, we observed the formation 
of a copper hydroxide precipitate upon scrubbing with a satu-
rated aqueous CuSO4 solution, a strong indication that the 
exhaust contains a basic gas (Figure 2B). Scrubbing with a 
methanolic solution of hydrogen chloride enabled us to trap 
the base as a salt. After rotary evaporation, a solid residue was 
obtained and after recrystallization in ethyl acetate, this salt 
was identified by single crystal X-ray diffraction as dime-
thylammonium chloride for a reaction where P(NMe2)3 was 
used as the phosphorus precursor (see Supporting Information 
S2). This points towards an exchange between the amines used 
as a solvent in the synthesis and the amino groups of the origi-
nal precursor. This exchange is also observed using P(Net2)3 as 
the phosphorus precursor. Simply mixing P(NEt2)3 and dodec-
ylamine in a vial under inert atmosphere confirms this trans-
amination. Indeed, when the temperature is raised above 100 
°C, gas bubbles evolve, which we attribute to Et2NH rather 
than P(NEt2)3 as the latter has a boiling point of 245 °C. This 
is further confirmed by the two NMR spectra shown in Figure 
2C. The bottom one represents the mixture of P(NEt2)3 and 
dodecylamine prior to reaction. The resonances of P(NEt2)3 at 
1.04 and 2.97 ppm, indicated in orange, can clearly be distin-
guished from the dodecylamine resonances in black. After one 
hour of reaction (Figure 2C, top spectrum), the P(NEt2)3 reso-
nances have vanished almost completely due to the diethyla-
mino for dodecylamino exchange. Diethylamine is formed and 
evaporated from the mixture (boiling point = 55°C). Since the 
spectra were recorded quantitatively, we can estimate the 
proportion of diethylamine that was evacuated from the mix-
ture. In this particular case, after reaction at 120 °C for one 
hour, 97% of the original precursor is at least once transami-
nated..  Denoting an alkyl moiety in general as R, this trans-
amination can be written as a sequence of three successive 
reactions: 
P(NEt2)3 + RNH2 ⇌  P(NEt2)2(NHR) + Et2NH (1) 
 P(NEt2)2(NHR) + RNH2
⇌ P(NEt2)(NHR)2 + Et2NH 
(2) 
P(NEt2)(NHR)2 + RNH2 ⇌  P(NHR)3 + Et2NH (3) 
Transamination reactions for P(NMe2)3 and P(NEt2)3 have 
been described before.37,38 Burgada for example argues that an 
exchange between the dimethylamino group of P(NMe2)3 and 
a heavier second amino group can occur if the hydrogen of 
this second amino group is sufficiently labile.37 As the boiling 
point of dimethylamine is 7.4 °C, this compound is eliminated 
from the reaction mixture after its formation, shifting the equi-
librium of the reaction to the formation of a fully transaminat-
ed aminophosphine where the amino group has a higher boil-
ing point than dimethylamine. Even if the author mentioned 
exchange between secondary amines only, it underlines our 
observation that a similar exchange involving a primary 
amine, such as dodecylamine or oleylamine, and a more vola-
tile amino group, such as dimethylamino or diethylamino, 
occurs in the aminophosphine-based synthesis of InP.  
 
Class Example result 
Butylamine 
Octylamine 
Dodecylamine  
Oleylamine 
Secondary 
amines 
Dioctylamine 
Tertiary amines Trioctylamine 
Other Trioctylphosphine 
Table 1: Reaction results as a function of the solvent used. 
The occurrence of transamination provides an important per-
spective on the role of the amino group in a particular amino-
phosphine precursor. First of all, it implies that adjusting this 
group to tune the precursor reactivity and thus the outcome of 
an InP synthesis risks to be an inefficient strategy if – as seems 
necessary – high boiling point amines are used as the solvent 
for the reaction. Indeed, in that case it will be the solvent that 
dictates what amino groups make up the true aminophosphine 
precursor. This explains for one thing why we do not observe 
significant differences in reactivity between, e.g., P(NMe2)3 
and P(NEt2)3. On the other hand, the amino exchange high-
lights the role of the primary amine used as the solvent. By 
screening several amines, we find that InP is only formed 
when a primary amine is used. No reaction takes place in the 
case of secondary or tertiary amines (see Table 1 and also 
Supporting Information S). This clearly indicates that primary 
amines are not just the solvent or the ligand in an aminophos-
phine-based InP synthesis. Rather, they must play a central 
role in the whole precursor chemistry. 
Focusing on syntheses using P(NEt2)3 and InCl3 in oleylamine, 
a key point to get further insight in the precursor conversion is 
the observation we already made before that the conversion 
yield of the indium precursor into InP, i.e. the chemical yield, 
depends on the aminophosphine vs. InX3 equivalence.
17 Here, 
the chemical yield is calculated by comparing the absorbance 
of quantitative aliquots with the intrinsic absorption coeffi-
cient of InP QDs at the same short wavelength.17 As shown in 
Figure 3, we find that the chemical yield increases proportion-
ally to the P(NEt2)3:InX3 molar ratio to reach 100% for ratios 
of ≈4 or more. At this point, we hypothesize that a phosphorus 
precursor excess is needed to obtain full chemical yield be- 
 
Figure 3: Conversion yield – amount of InP formed as fraction of 
the amount of InCl3 used – of a tris(diethylamino)phosphine-
based InP QDs synthesis plotted as a function of the 
P(NEt2)3:InCl3 ratio used in the synthesis. The trend line is a 
straight line through the origin reaching full yield at a 
P(NEt2)3:InCl3 ratio of 4, followed by a horizontal at 100% for 
higher P(NEt2)3P:InCl3 ratios. 
cause the aminophosphine plays more than one role in the 
synthesis. As discussed before, formation of InP from 
P(NEt2)3 comes with a reduction of P(III) to P(-III). One way 
to achieve this – and that accounts for the observed phospho-
rous excess needed to reach full conversion of the indium – is 
that one equivalent of phosphorous is reduced to P(-III) by the 
oxidation of 3 equivalents of phosphorous to P(+V). We have 
already demonstrated that injected P(NEt2)3 is modified during 
the synthesis by transamination. To continue this line of 
thought, we therefore propose an overall redox reaction in 
which 1 equivalent of InP is formed by the oxidation of 3 
equivalents of the substituted aminophosphine to a phosphoni-
um salt: 
InX3 + 4P(NHR)3  →  InP +  3 P(NHR)4X (4) 
In this chemical equation, R represents an alkyl moiety of a 
primary amine and X is either Cl, Br or I.  
  
Figure 4: (A) Mass-spectrum of the supernatant obtained after 
purification by methanol addition of a full yield diethylamino-
phosphine-based InP QDs synthesis. (B) 31P NMR spectrum of 
supernatant used for MS in toluene-d8. 
First evidence that Eq. 4 indeed describes the overall reaction 
leading to InP comes from the mass spectrum of the reaction 
mixture after removal of the InP QDs by methanol addition. 
As shown in Figure 4, it contains three main compounds. A 
first has a molar mass of 268 g/mole, most likely correspond-
ing to oleylamine, which is the solvent of the reaction and thus 
present in large amounts. The second compound has a molar 
mass of 782 g/mole, which corresponds to P2(NHOl)2(OMe)6. 
Probably, this has been produced during the purification in a 
reaction between aminophosphine compounds and methanol 
(see Experimental Section). The third compound has a meas-
ured molar mass of 1096 g/mole which is close to the 1097 
g/mole expected for P(NHOl)4
+, i.e., the oleylamino phospho-
nium cation generated by the reaction according to Eq. 4.  
To investigate in more detail this InP QD synthesis, 31P NMR 
spectroscopy has been used. It is a powerful tool for the reac-
tion studied here as phosphorus compounds are essential ele-
ments of it. In Fig 5A, the 31P NMR spectra of the precursor 
mixture and reaction aliquots are shown. Five resonances can 
be clearly distinguished. We identify the initial precursor at 
118 ppm since this compound can be measured as a pure sub-
stance. In addition, the resonance located at 29 ppm is as-
signed to the phosphonium salt, since the 31P NMR spectrum 
of the reaction supernantant (Fig 4B) already shows the loca-
tion of this phosphonium salt resonance. The remainder of the 
resonances are most likely the transamination species. It was 
found in literature [ref] that these transamination species are 
located around 100 ppm and exsist in a tautomeric prototropic 
equilibrium with iminophosphoranes (see scheme 1). These 
tautomeric forms are located around 5ppm with a 1JPH cou-
pling  of 500-600 Hz. Indeed, two resonances around 100 ppm 
(111 and 98 ppm) and a third resonance at 13 ppm are ob-
served. The latter exhibits a 1JPH coupling  of 550 Hz (see 
supporting information S). Unfortunately, it is very hard to 
assign these species to the different transamination products 
since they are chemically very equivalent. Furthermore, we 
link a diffusion coefficient as determined using diffusion-
ordered spectroscopy (DOSY) to each of the main resonances 
in the precursor mixture or reaction aliquots (see also Support-
ing Information S3). Considering the transamination and 
phosphonium salt formation, this makes for a logical attribu-
tion of the resonance by linking smaller diffusion coefficients 
to more bulky species.  
 
Scheme 1: Tautomeric prototropic equilibrium between amino-
phosphines and iminophosphoranes. 
Having attributed the different 31P resonances, the develop-
ment of these different species can be monitored during a 
reaction by analyzing successive aliquots, where the concen-
tration of each species is derived from the integrated intensity 
of its 31P resonance. Taking a reaction carried out at 190 oC as 
an example, Figure 5A and 5B show that 15 sec after injec-
tion, the transaminated compounds are already the prevailing 
species. Importantly, this transamination is considerably sped 
up by the presence of InCl3 and, especially, ZnCl2 (see Sup-
porting Information S4). Moreover, the high rate of transami-
nation as compared to the eventual InP formation points to a 
possible quasi-equilibrium between the different transaminat-
ed aminophosphines. Next, Figure 5B shows that during the 
reaction, the concentration of P(NHOl)4Cl gradually increases 
at a rate concurring with the formation of InP with an approx-
imately 3:1 equivalence. Clearly, this observation confirms the 
overall chemical reaction equation (4), where indeed one InP 
equivalent is formed together with three equivalents of 
P(NHOl)4Cl and it agrees with the MS analysis showing 
P(NHOl)4Cl to be the dominant reaction byproduct. The de-
crease in concentration of both transaminated aminophos-
phines follows the formation of InP. This could indicate that 
all transamination products are actual, reactive precursors.  
  
Figure 5: (A) (top) 31P NMR spectra of P(NEt2)3 and different 
aliquots taken at the indicated time after initiating a diethylamino-
phosphine based InP synthesis run at 170 °C, related to (bottom) 
the diffusion coefficient of the resonances as determined using 31P 
DOSY. (B) (colored) Concentration development of the prevail-
ing species during a diethylaminophosphine based InP synthesis 
run at 170 °C as estimated from 31P NMR resonance intensities 
and (black) the concomitant amount of InP formed. 
 However, this seems flauwed given that P(NHOl)4Cl is the 
only reaction byproduct. As transamination seems restricted to 
compounds with a 3-coordinated trivalent phosphorous cen-
ter,38 the absence of partially substituted phosphonium salts 
indicates that indeed P(NHOl)3 is the only reactive phospho-
rous precursor. The concentration of the tautomeric form, on 
the other hand, stays largely constant. This is not surprising as 
the tautomeric form isn’t reactive. 
 
Scheme 2: In-P complex formation. 
 
Scheme 3: Phosphorus nucleophilic substitution. 
 
Scheme 4: InP unit formation. 
Based on the overall InP formation reaction expressed by Eq 
(4), a chemical reaction mechanism can be proposed. In ac-
cordance with the double role of phosphorous, this mechanism 
assumes a nucleophile attack by the phosphorus center of one 
aminophosphine on an amino group of another aminophos-
phine. Considering that the fully transaminated P(NHR)3 is the 
actual reactant, scheme 2-4 represent the different steps this 
conversion involves. In a first step (scheme 2), an adduct of 
InCl3 and P(NHR)3 is formed. Importantly, such a complex 
exhibits different resonance structures (only two of which are 
shown), which lead to a delocalization of the positive charge 
over the phosphorous center and the surrounding nitrogen 
atoms. This renders the nitrogen atoms sensitive to a nucleo-
philic attack by a second P(NHR)3 as represented in scheme 3. 
This results in the formation of an InP intermediate and a first 
equivalent of the P(NHR)4Cl phosphonium salt. Note that this 
reaction leads to a first change in the phosphorous oxidation 
numbers, with that in the InP intermediate being reduced from 
+III to +I and that in the phosphonium salt being oxidized 
from +III to +V. Scheme 4 sketches subsequent reduction 
steps, where 2 more equivalents of P(NHR)3 further reduce the 
phosphorous in the InP intermediates to an oxidation state of –
I and –III, respectively and result in the formation of one 
equivalent of InP. The proposed pathway provides an explana-
tion as to why InP is only formed when using primary amines 
as the solvent. Indeed, steric hindrance may hamper both the 
formation of the adduct depicted in scheme 2 and the subse-
quent nucleophilic attack on nitrogen. Moreover, an alkyl 
chain is an electron donating group that can further stabilize 
the positive charge in the adduct. This may render the nitrogen 
atoms less electrophilic, a necessary attribute for the subse-
quent reactions.  
Conclusion 
In summary, we have studied the precursor conversion in the 
aminophosphine-based synthesis of InP QDs. We have shown 
that upon injection, dimethyl- and diethylaminophosphine 
undergo rapid transamination with the amine used as the sol-
vent. This leads to the release of dimethyl or diethylamine and 
an effective aminophosphine precursor that is the fully trans-
aminated compound. Only in the case that primary amines are 
used, this leads to the eventual formation of InP, where a 
quaternary aminophosphonium salt is formed as the major 
reaction byproduct. This finding enables the overall InP for-
mation reaction to be written as a redox reaction where three 
equivalents of the transaminated aminophosphine reduce a 
fourth equivalent to form one equivalent of InP. Importantly, 
this double role of the aminophosphine explains why full 
conversion of the In precursor into InP is only attained with a 
4-fold excess of the aminophosphine. This picture is con-
firmed by monitoring the reaction development using 31P 
NMR spectroscopy. Based on these findings, we propose a 
chemical reaction mechanism that involves a nucleophilic 
 attack of one aminophosphine on the nitrogen in a second 
aminophosphine that is activated by complexation with InCl3. 
We believe that the new chemistry introduced here for the 
formation of InP QDs may be extended to the formation of 
other III-V quantum dots, such as GaP, InAs or GaAs, using 
similar aminophosphine or aminoarsine precursors. 
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